Abstract. Significant developments have occurred in the area of III-V compound semiconductor nanostructures. The scope of developments includes quantum dots and nanowires epitaxially grown on Si substrates, as well as their applications in light emitting diodes and lasers. Such nanoscale heterostructures exhibit remarkable structural, electrical, and optical properties. The highly effective lateral stress relaxation, due to the presence of facet edges and free surfaces, enables the achievement of nearly defect-free III-V nanoscale heterostructures directly on Si, in spite of the large lattice mismatches and the surface incompatibility. With the incorporation of multiple quantum dot layers as highly effective three-dimensional dislocation filters, self-organized quantum dot lasers monolithically grown on Si exhibit, for the first time, relatively low threshold current (J th = 900 A/cm 2 ) and very high temperature stability (T 0 = 244 K). III-V semiconductor nanowire light emitting diodes on Si, with emission wavelengths from UV to near-infrared, have also been demonstrated.
INTRODUCTION
There has been a growing need for the monolithic integration of electronic and photonic components on the same chip for future high-speed and multifunctional systems. One critical, yet missing technology is a coherent light source on Si. Although advances have been made in Si-optoelectronics, the achievement of an electrically injected all-Si laser has been elusive [1, 2] . Alternatively, the integration of III-V semiconductor materials and devices on Si, that involves the use of direct epitaxial growth, wafer bonding, or compliant substrates has been explored [3] [4] [5] [6] . The resulting devices, however, generally exhibit extremely short lifetime and poor characteristics, due to the presence of a high density of dislocations associated with the large differences in lattice constants and thermal expansion coefficients between III-V materials and Si, as well as their polar/non-polar surface incompatibility [3] [4] [5] [6] . To overcome such fundamental challenges, III-V compound semiconductor nanostructures, including quantum dots and nanowires epitaxially grown on Si have been extensively investigated [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . This has been motivated, in part, by the effective lateral stress relaxation of such nanoscale heterostructures related to the presence of facet edges and sidewalls, that can minimize, or eliminate the formation of dislocations, thereby leading to nearly defect-free III-V semiconductor nanostructures on Si [19] [20] [21] [22] [23] [24] . Additionally, semiconductor lasers, that use quantum dots or nanowires as gain regions, are expected to exhibit superior performance, due to the strong carrier confinement and the resulting near-discrete density of states.
With the advances made in strained-layer epitaxy of III-V semiconductors, coherently strained and nearly defect-free quantum dots can be formed in the Stranski-Krastanow growth mode [25] [26] [27] . Both molecular beam epitaxy (MBE) and metal organic chemical vapor deposition (MOCVD) have been utilized for the fabrication of self-organized quantum dot heterostructures. In the Stranski-Krastanow growth mode, the transition from a layer-by-layer growth to the formation of three-dimensional islands is governed by the interplay between the interface energy and strain energy. It was determined, from energy minimization considerations in a unit cell of a strained heterostructure, that the island growth mode is preferred if the lattice mismatch is ~ 2%, or larger [26] . The critical layer thickness, corresponding to the onset of island formation, is largely determined by the lattice mismatch. Above the critical layer thickness, elastic strain relaxation occurs via the formation of coherently strained, defect-free islands. Self-organized quantum dot lasers, with emission wavelengths from 0.4 µm to nearly 2.0 µm on GaAs and InP substrates and GaN templates, have been extensively investigated over the last two decades. Many ideal characteristics, such as ultralow threshold current (J th 20 A/cm 2 ) [28] [29] [30] , nearly temperature invariant operation [31] [32] [33] , large modulation bandwidth [34] , and near-zero chirp and -parameter [34] [35] [36] , have been demonstrated. Nanowires, with diameters as small as a few nanometers and lengths of several microns, can be formed by using either catalyst drops in the vapor-liquid-solid (VLS) growth mode [37] [38] [39] [40] [41] [42] or the catalyst-free selective area epitaxial (SAE) approach [42, 43] . In the VLS process, metal nano-particles are dispersed on a substrate, which induces a liquid droplet of the metal/semiconductor alloy during the growth process. A steady feeding of the semiconductor reactant into the liquid droplet supersaturates the eutectic, initiating the nucleation of the semiconductor nanowires. Such nanowires are characterized by the formation of alloy droplets on top. Due to the typically low processing temperatures (~ 400 -500 o C), nanowires grown via the VLS mechanism may be suitable for Si complementary metal-oxide semiconductor (CMOS) fabrication processes. Catalyst-free nanowires can also be achieved by utilizing selective area growth on nano-patterned substrates. Optically pumped and electrically injected single nanowire lasers, with threshold power and current of ~ 22 kW/cm 2 and ~ 200 µA, respectively, have been realized [44] [45] [46] . Recently, significant progress has also been made in the development of III-V quantum dot and nanowire heterostructures on Si. 1.0 -1.3 µm In(Ga)As/GaAs quantum dots grown directly on Si exhibit superior optical quality [9, 23, 47] . With the incorporation of multiple layers of InAs quantum dots as effective three-dimensional dislocation filters, room temperature operational quantum dot lasers on Si have been achieved, which are characterized by relatively low threshold current (J th = 900 A/cm 2 ) and very high temperature stability (T 0 = 244 K) [23, 24, 48] . High quality arsenide-, nitride-, and phosphide-based III-V nanowires on Si have also been investigated [13, 24, 49, 50] . In particular, both core-shell and radial nanowire heterostructures have been demonstrated, leading to enhanced electrical and optical properties [15] . As a result, III-V semiconductor nanowire light emitting diodes (LEDs) grown directly on Si, with emission wavelengths from UV to near-infrared, have been achieved [16] [17] [18] .
The aim of this paper is to provide a brief overview of the recent developments of III-V compound semiconductor quantum dots and nanowires epitaxially grown on Si substrates, as well as their applications in LEDs and lasers. In Sec. 2, the growth and characteristics of selforganized quantum dot layers on Si are described. In Sec. 3, the growth mechanisms, critical dimensions, and fundamental characteristics of arsenide, phosphide, and nitride-based nanowires on Si are discussed. The achievement of nanowire axial and radial heterostructures is also described. In Sec. 4, the fabrication and output characteristics of high performance quantum dot lasers and nanowire-based LEDs monolithically grown on Si substrates are presented. Finally, conclusions are presented in Sec. 5. es of III-V mat s from strained generated at th tly strained, de generating mu r superlattices near the III-V/ reduction in di veness of this t mber of dot la ocking, the in were studied uctures [23] . ce very strong ored, if the strai al to, or greater material chara s were done f wn on Si. The y a quantum do ding area divide area of the dot base, is not only proportional to the dot base width, but also critically depends on the types of dots being utilized. InAs quantum dots, due to the relatively large strain field and dot size, are more effective in bending propagating dislocations, compared to InGaAs and InAlAs quantum dots. In addition, multiple quantum dot layers can be utilized, and the random nucleation and formation of quantum dots in each layer can maximize the effects of deflecting and bending the propagating dislocations. However, the number of dot layers is ultimately limited by the generation of single-kink and double-kink misfit dislocations loops, due to the cumulative strain. It has been calculated, and also demonstrated experimentally, that ten layers of InAs quantum dots of sizes ~ 20 -30 nm constitute the most effective dislocation filter for the growth of high quality GaAs layers on Si [23] .
With the use of such quantum dot dislocation filters, In 0.5 Ga 0.5 As active quantum dot layers grown on Si exhibit significantly improved photoluminescence intensity, compared to that grown on Si without the use of quantum dot filters, as shown in Fig. 2 (a). It may also be noted that the optical quality is comparable, in terms of both photoluminescence intensity and spectral linewidth, to that grown on GaAs substrates. The use of quantum dots to bend, or terminate propagating dislocations is further confirmed by cross-sectional transmission electron microscopy (TEM) measurements [23] . It was found that 60° mixed dislocations can be efficiently bent by the quantum dot layers. In addition, the propagation of pure-edge dislocations can be completely blocked. The cross-sectional TEM image of the In 0.5 Ga 0.5 As active quantum dot layers grown on Si is shown in Fig. 2(b) . It is evident that they are relatively free of dislocations, in spite of the extremely large dislocation densities ( 10 8 cm -2 ) generated at the GaAs/Si misfit interface. The resulting high-performance quantum dot lasers on Si are described in Sec. 4.1.
GROWTH AND CHARACTERISTICS OF III-V SEMICONDUCTOR NANOWIRES ON Si

Growth mechanisms
Free-standing III-V semiconductor nanowires on Si can be formed by using either catalyst drops in the VLS growth mode [37] [38] [39] [40] [41] or the catalyst-free SAE approach [42, 43, 60] . Nanowires with diameters of tens of nanometers and lengths of several microns, or longer, have been realized utilizing modern epitaxial growth techniques, including chemical vapor deposition (CVD) [11, 13, 49, [61] [62] [63] [64] [65] , MBE [50, [66] [67] [68] [69] , chemical beam epitaxy (CBE) [15] , and hydride vapor phase epitaxy (HVPE) [70] . The position and diameter of nanowires are largely determined by the arrangement and size of the growth seeds, while the nanowire length is directly related to the growth time. Mechanisms for the nanowire formation have been extensively studied [37, 71, 72] . In the VLS growth mode, nanowire formation is driven by the vapor supersaturation with respect to the solid phase, and the morphological configuration and structural properties are also strongly influenced by various kinetic growth processes. Important processes during the nanowire formation include adsorption, desorption, and diffusion of atoms on the nanowire top and sidewalls as well as on the substrate, nucleation-mediated growth at the liquid-solid interface, and growth of the substrate surface [72] . In the case of selective area growth of nanowires on nano-patterned substrates, effects associated with the profile of the nanoscale masks, the anisotropic lateral overgrowth, and faceting should also be considered [43, 60, 73] .
Both Si(001) and (111) substrates have been used for the growth of III-V semiconductor nanowires. Epitaxially grown III-V nanowires generally exhibit hexagonal wurtzite crystal structures or, in many cases, a mixture consisting of both cubic zinc-blende and hexagonal wurtzite structures. This is believed to be directly related to the smaller number of dangling bonds of the lateral facets and, therefore, reduced surface energy for wurtzite phase, compared to zinc-blende one [74] . For nanowires below a critical diameter, the surface energy difference can outweigh the difference between volume cohesive energies and, as a result, the formation of wurtzite structures becomes energetically favorable [74] . Stacking faults and rotational twin boundaries between the zinc-blende and wurtzite structures are commonly observed along the growth direction [75] [76] [77] [78] , which severely limit the properties of III-V nanowires. The elimination of the stacking faults and control over the phase purity have remained a fundamental challenge in III-V nanowire research.
The nanowire growth direction is controlled by the surface free energy, which is generally smaller along the <111> orientation than that of <001> [79] . As a result, the preferable growth direction is typically along the <111> direction. However, nanowires formed along the <001> direction have also been observed for catalyst particles of size less than 10 nm, which is attributed to the reduced surface and interface energies for <001> direction under this situation [7] . Nanowires grown by MOCVD and CBE techniques are largely tapered, due to the enhanced lateral growth rate under high pressure conditions. Tapering of nanowires is unwanted in many device applications since both the electric and optical properties of the nanowires are dependent on the wire diameter. Using MOCVD with a reduced temperature elongation growth technique [62, 80] or MBE [68] , highly uniform III-V nanowires can be achieved on Si substrates.
For practical device applications, it is highly desired and essential that III-V compound semiconductor nanowire axial and radial heterostructures, with well-controlled layer thicknesses and compositions and well-defined interfaces, can be epitaxially grown on Si substrates. To achieve such heterostructures using VLS growth mechanisms, it is required that the catalyst nano-cluster is apposite for the growth of the various nanowire materials under similar growth conditions. It has been observed by Duan et al . that Au nano-clusters are a suitable choice for a variety of III-V materials [75] . Since the appropriate growth temperature for each material is often different, extra attention has to be paid to the proper combination of these heterostructure nanowires as pointed out by Dick et al. [81] . Additionally, the achievement of abrupt heterointerfaces has proved to be challenging, due to the interface intermixing induced by the metal catalyst [76] . The core/shell or core/multi-shell heterostructures arise from radial or lateral over-growth under different compositions. This lateral growth process does not involve reaction with a nanocluster catalyst and hence it competes with the VLS mechanism, and often results in tapered nanowires [22] .
Similar to the growth of III-V quantum well or bulk materials on Si substrates, the formation and properties of III-V nanowires on Si are also strongly influenced by the lattice mismatches. Pseudomorphic growth occurs below a critical layer thickness, which, in the simplest form, is inversely proportional to the lattice mismatch [82] . However, the critical layer thickness is also a strong function of the growth area [83] . The critical dimensions for the plastic relaxation in strained nanowire heterostructures have been studied using thermodynamic equilibrium models [19] . From energy minimization point of view, if the total elastic energy of the system with fully coherent interface is equal to, or smaller than the sum of the total system energy for the reduced misfit, due to the generation of dislocations, and the associated dislocation energy, then the formation of interfacial dislocations will be suppressed. The critical layer thickness, beyond which plastic relaxation or interfacial dislocations appear, is calculated as a function of the nanowire diameter and the misfit between the nanowire layer and the substrates. It was obtained that, for a given misfit, there exists a critical nanowire radius below which the critical thickness approaches infinity and the nanowire heterostructure is coherently strained [19] .
Characteristics of III-V compound semiconductor nanowires on Si
In what follows, the fundamental characteristics of arsenide, phosphide, and nitride-based nanowires, as well as the nanowire axial and radial heterostructures epitaxially grown on Si are briefly described.
Arsenide-based nanowires on Si
Arsenide-based nanowires grown on Si have been extensively investigated [7, 11, 50, 62, 68, [84] [85] [86] . They generally display mixed zinc-blende and wurtzite crystal structures, leading to the formation of twin boundaries and stacking faults, as illustrated in Fig. 3(a) [7] . In spite of the phase impurity and the presence of stacking faults, GaAs nanowires on Si exhibit excellent optical properties. Shown in Fig. 3(b) is the room-temperature photoluminescence spectrum measured from GaAs nanowires grown on Si(001) substrates [7] . Compared to GaAs nanowires, the achievement of high quality InAs nanowires on Si has been more challenging. Due to the relatively large (~ 11.6%) lattice mismatch between InAs and Si, the critical diameter for the formation of nearly defect-free InAs nanowires is expected to be ~ 30 nm, or less. Additionally, the formation of InAs nanowires is very sensitive to the Si substrate surface conditions, and a pre-annealing process in MBE growth chamber for the removal of residual oxide from the Si substrate surface was necessary for the effective growth of epitaxial InAs nanowires by MBE [50] . InAs nanowires generally exhibit high aspect ratios ( ~ 300), which is directly related to the long (> 9 µm) InAs surface diffusion length [50] . Due to the very high electron mobility as well as extremely low ohmic contact resistivity, InAs nanowires have been intensively studied for applications in high-performance nanoscale electronic devices [50] .
Phosphide-based nanowires on Si
The growth and characteristics of phosphide-based nanowires, including GaP, InP, and InAsP on Si have also been reported [11, 14, 49, 63, 64, 87, 88] . These nanowires exhibit excellent structural and optical properties. With a lattice mismatch of less than 0.4% relative to Si, GaP has been considered one of the most suitable materials for epitaxial growth on Si among all III-V compound semiconductors. Highly uniform GaP nanowires, with negligible tapered structures, can be achieved by decreasing the eutectic point utilizing a two-temperature growth process [65] . However, GaP nanowires on Si still suffer from the presence of stacking faults [65] . The lattice mismatch between InP and Si is ~ 8.1%. By growing InP nanowires with relatively small cross-sections, the strain arising from the InP/Si lattice mismatch can be effectively relieved. A typical SEM image of InP nanowires grown on a Si(111) substrate is shown in Fig. 4(a) . From the TEM image of an InP nanowire, illustrated in Fig. 4(b) , it is suggested that the nanowire is fully relaxed and relatively free of dislocations. The excellent optical quality of InP nanowires was confirmed by photoluminescence and cathodoluminescence measurements [11] . Shown in Fig. 4(c) are the microphotoluminescence spectra of InP nanowires grown on Si(111) substrates using Au nanoparticles with various diameters. With an optimum Au particle size of 20 nm, a record narrow linewidth of ~ 5.1 meV was measured [11] . It may also be noted that there is a considerable blueshift (upto ~ 170 meV) in the spectral peak position, which is attributed to the strong carrier confinement, due to the relatively small (10 -20 nm) nanowire diameters [11] .
Nitride-based nanowires on Si
Group III-nitride nanowires, that contain InN, GaN, AlN, or their alloys, can be spontaneously formed on Si substrates under N-rich conditions during epitaxial growth. Such nanowires are generally fully relaxed and exhibit a hexagonal crystalline structure with vertical faceted sidewalls [67, [89] [90] [91] [92] . In spite of the large lattice mismatches, III-nitride nanowires on Si are relatively free of strain and dislocations, and, in some cases, even the 
nanowire/Si interface contains low defect densities and few stacking faults [67] . Shown in Fig. 5(a) is a SEM image of GaN nanowires grown on a Si(001) substrate by plasma-assisted MBE [10] . The nanowires are highly uniform, with diameters in the range of 20 -40 nm and heights ~ 0.6 µm. The excellent structural and optical qualities of such nanowires on Si are further confirmed by the strong and narrow excitonic emissions in the photoluminescence spectra measured at 10 K, shown in Fig. 5(b) [10] . The density and size of such nanowires may be controlled by varying the growth conditions, including nitrogen flux, growth rate, and growth temperature [93] . Additionally, SAE growth of III-nitride nanowires on nanopatterned Si substrates have been investigated, which can enable a high degree of control over the position, size, shape and other properties of the nanowires [61, 66] . High quality AlGaN nanowires on Si, with Al content varying from 0 to 60%, have also been demonstrated [94, 95] . It is worthwhile mentioning the recent development of InN nanowires on Si substrates [96] [97] [98] [99] . InN has the largest electron mobility and drift velocity among III-nitrides. Additionally, InN has a direct bandgap of ~ 0.7 eV, and the bandgap of InGaN can be continuously varied from ~ 0.7 to 3.4 eV, covering the technologically important 1.3 -1.55 µm wavelength range. Due to the drastically reduced dislocation densities, InN nanowires exhibit significantly improved optical quality, in terms of both photoluminescence intensity and spectral linewidth, compared to those from InN thin films grown on Si [98] [99] [100] . Also unique to InN nanowires is the presence of high densities of electrons on the lateral surface, due to the Fermi level pinning at the surface states that occurs above the conduction band (~ 0.9 eV), leading to a greatly reduced surface depletion effect [96, 101] . This effect also makes InN nanowires an ideal choice in sensor applications for the detection of various gases, liquids, and vapors.
III-V nanowire axial and radial heterostructures on Si
Enhanced electrical and optical properties can be achieved from III-V nanowire axial and radial heterostructures, due to the effective carrier confinement, bandstructure engineering, and suppressed nonradiative recombination [102] [103] [104] . However, there have been few reports for the development of III-V nanowire axial or radial heterostructures on Si [13, 15, 88, 105] .
GaP/GaAs x P 1-x /GaP nanowire axial heterostructures were demonstrated by Martensson et al. on Si(001) and (111) substrates [13] . These nanowires exhibit strong photoluminescence emission at room temperature, and the emission wavelengths can be continuously varied from ~ 550 nm to ~ 900 nm by controlling the arsenic to phosphorous ratio during epitaxial growth. Recently, core-multishell GaP/GaAsP/GaP nanowire heterostructures grown on Si(111) substrates, with relatively defect-free GaAsP segments, have also been realized using gas source MBE [15] . InGaN core-shell nanowire heterostructures on Si(111), with high In content in the core and low In content in the shell region, have also been demonstrated using CVD, and the formation mechanism is directly related to the spontaneous phase segregation of the nanowires [106, 107] .
QUANTUM DOT LASERS AND NANOWIRE LEDs ON Si
Recently, semiconductor lasers and LEDs on Si, that utilize quantum dots and nanowires as the active medium, have been investigated. With the incorporation of multiple quantum dot layers as highly effective three-dimensional dislocation filters, self-organized quantum dot lasers monolithically grown on Si exhibit, for the first time, relatively low threshold current (J th = 900 A/cm 2 ) and very high temperature stability (T 0 = 244 K) [24, 48] . III-V semiconductor nanowire LEDs on Si, with emission wavelengths from UV to near-infrared, have also been demonstrated [16] [17] [18] . The fabrication and performance characteristics of such unique devices on Si are described below.
Self-organized quantum dot lasers monolithically grown on Si
In 0.5 Ga 0.5 As quantum dot laser heterostructures were monolithically grown on (001)-oriented Si substrates, misoriented 4° towards [111] . The laser heterostructure is illustrated in Fig.  6(a) . After the growth of a 2.0 µm GaAs buffer layer, a 10-layer InAs quantum dot buffer layer, separated by 400 Å GaAs barriers, was grown as the dislocation blocking layer. The bending of 60° dislocations by the quantum dot layers, as described in Sec. 2, was also illustrated in Fig. 6(a) [12] . The p-and n-cladding layers consisted of Al 0.7 Ga 0.3 As, doped with Be and Si, respectively. The laser active region consisted of three coupled In 0.5 Ga 0.5 As quantum dot layers. The quantum dot active region exhibited excellent optical quality, which is comparable to that grown on GaAs substrates [24] . Both broad-area and ridge-waveguide edge-emitting lasers were fabricated using standard photolithography, wet and dry etching, and contact metallization techniques. Lightcurrent measurements were performed under pulsed bias conditions (10 KHz, 1% duty cycle) at various temperatures. The lasers exhibited relatively low threshold current (J th = 900 A/cm 2 ) at room temperature, shown in Fig. 6 (b) [48] . The peak emission wavelength was at ~ 1.0 µm. The variation of threshold current and output slope efficiency versus temperature for the p-doped quantum dot lasers on Si is illustrated in the inset Fig. 6(b) [48] . A very large value of T 0 (244 K) was derived in the temperature range of 5 -90 °C. One possible explanation of the observed very large T 0 is the increase in Auger recombination in quantum dots upon p-doping and its decrease with increasing temperature, which offsets the increasing trend of other recombination currents [31] . The output slope efficiency (~ 0.3 W/A) stayed essentially constant in the same temperature range.
The growth and characteristics of 1.3 -1.55 µm InAs quantum dot lasers on Si have also been investigated. It is highly expected that, with the incorporation of InAs quantum dot buffer layers, in conjunction with the use of low defect density SiGe buffer layers, high performance and highly reliable long wavelength (1.3 -1.55 µm) quantum dot lasers on Si can potentially be realized [47] .
Nanowire LEDs on Si
III-V semiconductor nanowire lasers and LEDs have been extensively investigated. Due to the high (> 2) refractive index, semiconductor nanowires can provide strong photon confinement and, therefore, can be used as optical microcavities with reasonably high Qfactors ( 10 3 ) [108] . Coherent laser emission has been achieved in GaN, ZnO, and CdS nanowires [16] [17] [18] , with emission wavelengths in the UV and visible spectral range. However, the realization of such devices often entails tedious and time consuming fabrication steps, that require the removal of the as grown nanowires from their substrates, dispersion of the nanowires onto Si substrates, and making of electrical contacts using electron beam lithography and metal deposition techniques.
To overcome such problems, vertical nanowire LEDs monolithically grown on Si substrates have been developed [16] [17] [18] . Kikuchi et al. have fabricated GaN-nanowire-based InGaN/GaN multiple quantum disk LEDs on Sb-doped n-type Si(111) substrates [16] . The LED nanowire heterostructure consisted of Si-doped n-type GaN nanowires (750 nm), undoped GaN (10 nm), 8 pairs of InGaN (2 nm)/GaN (3 nm) multiple quantum disk active layer, undoped GaN (10 nm), as well as Mg-doped p-type GaN (600 nm). The unique structure enabled p-type electrodes to be made via the conventional method on top of nanowire devices while, at the same time, retaining the excellent optical properties of the isolated nanowire active region. The nanowire LEDs displayed rectifying behavior with a turn-on voltage of 2.5 to 3.0 V at room temperature [16] . Electroluminescence was measured via semi-transparent electrodes with emission colors ranging from green (530 nm) to red (645 nm) [16] . Recently, nanowire ultraviolet LEDs, with the incorporation of GaN/AlGaN multiple quantum disks on n-type Si(111) substrates have also been demonstrated [18] . The peak emission wavelength is at 354 nm. The device heterostructure and fabrication are similar to the afore-described InGaN/GaN nanowire LEDs.
To achieve nanowire light sources in the 1.3 -1.55 µm wavelength range for optical communications, Svensson et al. have recently demonstrated vertical GaAs/InGaP core/shell LEDs on Si substrates via Au catalyst-assisted MOCVD growth [17] . The device stack consisted of p-Si/i-GaP (nanowire)/i-GaAs (nanowire)/i-InGaP (cladding layer)/n-InGaP (cap layer), where Si substrates acted as common p-layers [17] . The exterior parts of the LEDs were coated with 150 -300 nm thick 200 × 200 µm 2 Ni/Ge/Au contacts, each of which covered approximately 40,000 single nanowire LEDs. Bright light emissions from the nanowire LEDs were obtained and the derived internal and external quantum efficiencies are ~ 0.1% and 0.005%, respectively [17] . It is believed that both the internal and external quantum efficiencies can be drastically improved by optimizing the quality of the nanowire heterostructures and by removing the Au contact layer.
CONCLUDING REMARKS
The development of III-V compound semiconductor nanostructures on Si substrates is briefly reviewed here. High quality quantum dot and nanowire heterostructures, that are suitable for device applications have been achieved, and high performance quantum dot lasers and nanowire LEDs have also been demonstrated. It is evident that III-V compound semiconductor nanostructures on Si not only provide an enormous amount of opportunity for fundamental materials research, but also may enable the achievement of practical photonic devices, including lasers, photodetectors, and amplifiers on Si substrates, that can be integrated with CMOS electronics for future high speed systems.
